For the sophistication of the tsunami load, future and historical tsunami scale evaluations, the dependency of the density of tsunami inundation water with sediment on the hydraulic quantities, and then the dependencies of the tsunami run-up distance, sediment deposit distance, mean sediment deposit thickness on the density of the tsunami inundation water are examined through a devised small-scale hydraulic experiment. Within the experimental range of this study, it is verified that the density of the tsunami inundation water depends on the Froude number of the incident tsunami inundation flow and the sediment grain size, and the relative tsunami run-up distance (= the run-up distance of the inundation water with sediment/the run-up distance of the inundation water without sediment (= fresh water)), ratio of the tsunami sediment deposit distance to the tsunami run-up distance, ratio of the mean tsunami sediment deposit thickness to the tsunami sediment deposit distance depend on the density of the tsunami inundation water, and four empirical expressions for those dependencies are proposed.
INTRODUCTION
The density ρ (or the specific gravity ρ/ρ w where ρ w is the density of the fresh water) of tsunami inundation water with sediment would have influences on the tsunami horizontal and vertical forces (tsunami load) linearly as easily inferred from the expressions such as the hydrostatic pressure and momentum theorem, the thickness and extent of tsunami sediment deposit (Matsutomi et al. 2017), etc. In the evaluation of the tsunami load even on the land structures including RC buildings (AIJ 2015) , the density of tsunami inundation water has been treated as a fixed value of 1.03 g/cm 3 so far. The Federal Emergency Management Agency (FEMA 2012) recommended 1.2 g/cm 3 as the maximum density of the vertical cross section average of tsunami inundation water with sediment assuming that the sediment concentration of the vertical cross section average of the tsunami inundation flow was 10 %, without presenting any concrete grounds and references. There is no fixed view on the maximum density of the vertical cross section average of inundation water with sediment even in the case of river flood that is more frequent than tsunami.
In the light of the above circumstances, this study aims to examine the dependency of the density ρ of the tsunami inundation water on hydraulic quantities such as the Froude number F ri of incident tsunami inundation flow, and the dependencies of the tsunami run-up distance L R , sediment deposit distance L RS , mean sediment deposit thickness Z on the density ρ of the tsunami inundation water through a devised small-scale hydraulic experiment for the sophistication of the tsunami load, future and historical tsunami scale evaluations.
HYDRAULIC EXPERIMENTS

Soils
Soils having different grain size distribution are used in the experiments. As shown in Fig. 1 , 
U.C. C.C. the soils were collected on the Akita coast (Nishime, Hirasawa) and on the Sendai coast (Arahama, Iwanuma) inundated by the 2011 Tohoku Tsunami. The grain size distribution characteristics of the collected soils spread in the horizontal flume before carrying out the experiments are shown in Table 1 .
Experimental Method
Experimental equipment. Experimental flume with 0.3 m in width is a handmade open channel of slide type, which can easily generate inundation flow with a high Shields number. A horizontal flume to spread the collected soil is attached to the downstream end of the slide slope with the inclination S 1 . A short mild upslope with the inclination S 2 is installed at the downstream end of the horizontal flume to catch a proper amount of inundation water with sediment with the measuring cylinders inclined at S 4 on the upstream side. A curved surface part is set up to smoothly connect the slide slope to the horizontal flume. In the experiments on the tsunami run-up and sediment deposit, a long mild upslope with the inclination S 3 , pasted sands of 0.85 to 2.0 mm in diameter to increase the surface roughness, is attached to the downstream end of the short mild upslope. Outline of the experimental flume, its frontal view (right side), arrangement of the measuring instruments (measuring cylinders, wave gauges, slender prism, point gauge) and Adjustment of the density of the inundation water. The density ρ of the inundation water is forcibly adjusted by changing the initial thickness h T of the spread soil layer in the horizontal flume while moving the bottom surface of the horizontal flume up and down, including the case that the bottom surface of the horizontal flume is exposed by the inundation flow.
Measurement of hydraulic quantities. Inundation depths at two points in the horizontal flume and the short mild upslope respectively (see Fig. 2 ) and moving velocity of a surge front position x s (see Fig. 3 ) in the horizontal flume are measured by using both ultrasonic wave gauges (KEYENCE, UD-500) and video cameras. The heights of the bottom surface at the two points where the ultrasonic wave gauges are installed are the same each other. The angle of the Mach wave generated by two ways of the tip of a point gauge arranged in the upper part of the central area and a slender prism (length × width × height of 2 mm × 4 mm × 200 mm) attached to the inner sidewall surface of the horizontal flume (see Fig. 2 ) is also measured by using one of the video cameras installed above the generated Mach waves to cross-check the Froude number of the incident inundation flow evaluated by F ri u i /√gh i , where u i is the moving velocity dx s /dt of the surge front, g the gravitational acceleration and h i the maximum incident inundation depth evaluated by analyzing the above-mentioned measured data.
Analysis Method
Experiment on the density of the inundation water. Inundation flow goes down the slide slope, takes in the soil spread in the horizontal flume, runs up the short mild upslope at the downstream end of the horizontal flume and then jumps out into the air (see Fig. 2 ). Figure 3 shows snapshots (video images) of the inundation flow with a large amount of sediment, which were taken in the early experiments. After jumping out into the air, most inundation water with sediment is caught with the measuring cylinders which have 4 cm to 5.4 cm in diameter depending on the experimental cases and are evenly arranged in grid patterns to measure the horizontal spatial distribution of the volume and weight of the inundation water caught, which is a reflection of the vertical spatial distribution of sediment in the inundation flow. Weighed each measuring cylinder beforehand and after the inundation water jumped into, the density of the inundation water and its horizontal spatial distribution can be evaluated because of that the volume of the inundation water caught in each measuring cylinder can be read from the scale written to the circumference of each one.
The Froude number F ri and the velocity u i of the incident inundation flow are evaluated by the following three methods:
First method using the angle θ w of the Mach wave caused by the slender prism and the maximum incident inundation depth evaluated by analyzing the data measured by using the video cameras arranged in the upper and side parts of the central area of the horizontal flume. Second method using the angle θ C of the Mach wave caused by the point gauge and the maximum incident inundation depth evaluated by analyzing the data measured by using the video cameras arranged in the upper and side parts of the central area of the horizontal flume. Third method using the moving velocity of the surge front (≅ incident inundation flow velocity is assumed) and the maximum incident inundation depth evaluated by analyzing the data measured by using the video cameras arranged in the upper and side parts of the central area of the horizontal flume. The Shields number of the incident inundation flow for the case h T =6 cm is evaluated to grasp its rough value by using the resistance law for the steady flow in a wide rectangular open channel with a rough bottom surface, adopting the mean velocity of the moving velocities of points on the surge front surface at 0.5, 1.0 and 1.5 cm above the bottom surfaces of the horizontal flume and the short mild upslope measured by the two ultrasonic wave gauges as the incident inundation flow velocity, the mean depth of the maximum inundation depths measured by the ultrasonic wave gauges (depths at the arrow positions in Fig. 5 shown later) as the incident inundation depth h i , 1.65 as the underwater specific gravity of soil, the median diameter d 50 as the representative diameter of soil and 3×d 50 as the equivalent sand roughness (Ashida 1959) .
Experiment on the run-up and sediment deposit. Inundation flow taken in the soil spread in the horizontal flume runs up and down the long mild upslope following the short mild upslope at the downstream end of the horizontal flume (see Fig. 2 ). Examples of the state of the sediment deposit and the run-up of the inundation flow on the long mild upslope are shown in Fig. 4 . The long mild upslope area after finishing the run-up and down is divided into two parts. One is the tongue-shaped sedimentation area. The other is its downstream (higher) area where the upslope floor is just a little soiled with the sediment. The maximum length of the tongue-shaped sedimentation area is defined as the tsunami sediment deposit distance L RS , and the sediment deposit thickness at each point of grid (5 cm interval in the flow direction, 3.75 cm interval in the crossing direction) is measured by a point gauge. 
Experimental Conditions
The experimental conditions are summarized in Table 1 , where h U is the stored water depth in the water tank, L S the initial length of the spread soil area, h S the height of the short mild upslope end from the ground level, L G and L V the horizontal and vertical distances from the short mild upslope end to the upstream end of the measuring cylinders inclined at S 4 on the upstream side respectively, h T the initial thickness of the spread soil layer which is changed to adjust the density ρ of inundation water (see Fig. 2 ), M SD the mass of the spread soil in the horizontal flume in the experiment on the density of the inundation water, M SR the mass of that in the experiment on the run-up and sediment deposit, U.C. and C.C. abbreviations of the uniformity and curvature coefficients respectively. In each experimental case, the soil cooled down naturally after drying by the drying oven is spread in the horizontal flume without taking any special measures of compaction and others. One run is performed under each experimental condition. Table 2 shows the summary of the experimental results, where the numerical value in the brackets is the arithmetic mean (= the horizontal spatial mean) value of the density ρ evaluated for each measuring cylinder, and the result of Case 1-1 is the mean value in four runs exceptionally. From the table, it is understood that the arithmetic mean value of the density is always smaller than the value of the mean density evaluated from the total amount of the inundation water with sediment caught by the measuring cylinders. This tendency means that the repeatability of the experiment is high and the density evaluated from the measuring cylinder having more inundation water is higher than that having less inundation water. The Froude numbers in the experiments are greater than 2. From the viewpoint of the Froude number, it could be also judged that the generated inundation flow is different from a real tsunami inundation flow (Matsutomi 2011) . Figure 5 shows examples of the time histories of the inundation depths h at the upstream and downstream ends of the initially spread soil area in the horizontal flume (see Fig. 2 ). The time t=0 for each experimental case is arbitrarily determined. The mean depth of the maximum incident inundation depths at the arrow positions in the figure is adopted as the inundation depth in the resistance law to evaluate the Shields number (see Table 2 ). From the figure, it is understood that the inundation depth at the downstream end (h=2.7 cm to 3.6 cm) is greater than that at the upstream end (h=1.7 cm to 1.9 cm) because of taking the soil into the inundation flow and decreases as the initial thickness h T of the spread soil layer in the horizontal flume increases. The reason of the decreasing inundation depth at the downstream end is considered that the inundation flow takes in more soil, spends more energy on the soil movement, loses more energy and moreover a reflection effect from the mild short upslope becomes smaller as the initial thickness of the spread soil layer increases. Figure 6 shows the relationship between the Froude number F ri of the incident inundation flow and the density ρ of the inundation water in the case of h T =6 cm that the bottom surface of the horizontal flume is not exposed, where the solid line is an upper envelope curve for the experimental data expressed by Eq. 1. From the figure, it is understood that the density ρ becomes high, as the Froude number F ri increases, and the density ρ depends on the sediment grain size d 50 . 1 056 . 0
RESULTS AND DISCUSSION
(1) Figure 7 shows the relationship between the density ρ and the ratio L R /L RW of the run-up distance of the inundation flow with sediment to that without sediment, where the solid line is an approximation curve for the experimental data expressed by Eq. 2. From the figure, it is understood that the run-up distance of the inundation flow with sediment decreases exponentially, as the density ρ becomes high, and also the density ρ becomes high as the initial thickness h T of the spread soil layer increases. As the density ρ in the rapid decrease region of the run-up distance is very realistic, the rapid decrease becomes deeply involved in the historical tsunami scale evaluated from the tsunami sediment deposit distance. (2) Figure 8 shows the relationship between the density ρ and the ratio L RS /L R of the sediment deposit distance to the run-up distance, where the solid line is an approximation curve for the experimental data expressed by Eq. 3. From the figure, it is understood that the ratio of the sediment deposit distance to the run-up distance decreases monotonically, as the density ρ becomes high. Figure 9 shows the relationship between the density ρ and the ratio Z/L RS of the mean sediment deposit thickness to the sediment deposit distance, where the solid line is an approximation curve for the experimental data expressed by Eq. 4. From the figure, it is understood that the ratio of the mean sediment deposit thickness to the sediment deposit distance increases with a tendency of convex upward, as the density ρ becomes high. 
MAIN RESULTS
Although the authors worry about the experimental method, small amount of experimental data and scale effect, main results obtained by this study are that: 1. The density ρ (or the specific gravity ρ/ρ w ) of the inundation flow depends on the Froude number F ri of the incident inundation flow and the sediment grain size d 50 (Fig. 6 ). 2. The ratios L R /L RW of the run-up distance of the inundation flow with sediment to that without sediment (Fig. 7) , L RS /L R of the sediment deposit distance to the run-up distance of the inundation flow with sediment ( Fig. 8) , Z/L RS of the mean sediment deposit thickness to the sediment deposit distance (Fig. 9 ) depend on the density ρ. 3. Four empirical formulas for the above dependencies are proposed, which are expressed by Eqs. 1 to 4 respectively.
